Abstract-A gold enzyme electrode for lactate, fabricated on silicon has been developed. Standard silicon processing and micromachining techniques have been applied to the fabrication of three sensor types. Two planar types and a containment sensor are presented. The enzyme lactate oxidase (LOX) was immobilised in a suitable matrix and placed on a planar gold electrode or in a gold coated, KOH etched silicon cavity. Activity and stability of the enzyme LOX was assessed in a modified BSA gel and two sol gel matrices. The enzyme has shown above average stability of three months, stored dry, when immobilised in a sol gel matrix. The modified BSA gel also showed potential for use with a gold enzyme electrode. A three electrode configuration in the amperometric mode was used to detect lactate. A linear range of up to 1OmM lactate has been observed using a sol gel as an immobilisation matrix, and a response time as low as 40 seconds. A modified BSA gel has shown a linear range of up to 12mM lactate. Lactate has also been successfully detected using the containment sensor.
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I. INTRODUCTION
Lactate, besides glucose and urea, belongs to substrates of enzymatic reactions, which are most often determined in clinical analysis and biotechnology. Lactate determination has significant importance in critical care [l]. Because of the involvement of lactate in several diseases, there are strong demands for the development of reliable amperometric sensors for decentralised lactate monitoring.
In critically ill patients a lactate concentration of less than 2 mM is considered normal [2] . Increased lactate levels reflect an imbalance between lactate production, which serves as an indication of inadequate tissue oxygenation. Therefore, measurement of lactate levels has prognostic si04ficance. Levels of lactate greater than 4mM have been shown to be associated with circulatory failure, cardiac arrest and in emergency department patients. Lactate sensors have also found use in sports medicine, where it is used as a metabolic variable to indicate the capability of muscles for an athletic perfomance [3] .
In recent years, much research has been perfomed into the development of miniaturised sensors for lactate. Thin film electrode sensors, which can be used in catheters for in vivo lactate analysis, have received considerable attention [4] . Disposable sensors that can be used for on site analysis have also been developed [5] .
Thin film silicon technology represents an attractive use for the microfabrication of such biosensors. Such fabrication technology couples various processes used in the manufacture of electronic circuits, including film deposistion, photolithographic patterning and etching [6]. It offers a greater resolution, and is particularly suited to high volume, low cost production, which has application in sensor arrays.
In this work, different aspects of silicon technology have been applied for fabrication of three different sensor types for lactate. Standard planar processes are applied for fabrication of sensor type A and B. A simple and stable method of packaging the sensor dies was found by placing them on a dipstick printed circuit board (PCB).
Micromachining techniques have been applied for the development of sensor type C, which has an anisotropically etched cavity in silicon onto which gold has been evaporated.
The process technology of anisotropic KOH etching of (100) silicon was used to produce a truncated pyramid shaped cavity. Anisotropic KOH etching has been used extensively in microelectromechanical systems (MEMS) to fabricate bulk micromachined sensors and actuators. KOH is particularly attractive because of its high etch ratio between the (1 11) and (100) attention has been paid to the potential use of a sol gel as a possible means of enzyme encapsulation. Sol gel processing has emerged in recent years as an immobilisation method offering excellent potential in the field of biosensor development. This is due to the rigid nature of the sol gel matrix, the mild processing conditions involved which are suitable for biomolecule immobilisation and the chemical inertness of the sol gel material 1121. Activity and stability of the enzyme LOX has been assessed in each matrix, using an enzyme linked immunosorbent assay @LISA method) prior to assessing their behaviour under amperometric conditions.
EXPERIMENTAL

A. Sensor Fabrication and Packaging
The following procedure was applied for the fabrication of sensor type A. The starting material was silicon (100) with a thickness of 525pm. A 300nm thermal oxide was then grown in a furnace. This oxide layer acts as an insulating layer between the silicon and the metal layers. A 35nm thick chrome layer and 250nm gold layer were then evaporated onto the silicon dioxide. The chrome layer provided an adhesion layer between the oxide and the gold. The unpattemed gold plated wafer was sawn into square chips with dimensions of 4 mm x 4 mm.
For the fabrication of sensor type B, the procedure was as for sensor type A. However, after gold evaporation, Eagle 2100 AD photoresist (Shipley Europe Ltd, England) was electroplated onto the gold. A potential of 50V was applied between the wafer, acting as the cathode, and the anode which is a stainless steel sheet of similar area to the wafer. The electrodes were placed in a resist bath, which was then heated to 3OOC. The electrodes were separated by a distance of 7.5cm. The potential was then applied for a period of 20s. After deposition, the wafers were rinsed thoroughly in DI water and then placed in a convection oven, at 60"C, for 30 minutes to remove excess moisture and to improve film adhesion. The photoresist was then patterned by exposing to broadband UV at 20 mWcm-2 for 60s through the second and third photolithographic masks. The mask was designed to produce a pattemed metal line coming &om the eicctrode to a single or pair of bond pads for each device. Photoresist, which was not exposed through the photolithography mask, was removed by placing in Shipley 2005 developer for 2-3 minutes and heating to 40°C. The gold was then patterned using a solution of KI, 12 and H2O. The resist was then stripped using EAGLE 2010 remover (Shipley). The chrome was then subsequently removed using a solution of K3FeCN6, NaOH and HzO.
The result of these process steps produced a silicon die with layers of oxide, chrome and a pattemed gold counter and working electrode each with a separate metal line and bond pad, Each silicon die was packaged on a dipstick type PCB (figure 1) (ILFA, Dresden). The die was attached to the dipstick by use of a suitable adhesive.
'. Figure 1 A picture of the dipstick PCB used for the packaging of sensor For sensor type A, only one wtre bond was required and this was placed between the second connector and the gold surface. The wire bond and bond pads were encapsulated using a suitable epoxy resin. A picture of the packaged sensor A is shown in figure 2. For sensor type B, gold wire bonds were placed between the second and ninth connectors of the dipstick and the bonds pads of the working and counter electrode, (Towcester Technical Services, England). The wire bonds and bond pads were encapsulated using a suitable epoxy resin. A picture of sensor type B is show in figure 3 . For sensor type C a 60nm silicon nitride (Si3N4) was deposited by low pressure chemical vapour deposition on a 4 inch, 52511.M thick (100) silicon wafer. Photoresist was then deposited on the nitride and patterned by exposure to ultraviolet light, through the crystal field alignment mask. The nitride was patterned using a plasma etch process. This pattemed nitride layer formed the KOH etch mask. The silicon wafers were then etched for 13 minutes in 30% KOH at 79°C to form the square alignment aids which are used to determine the crystal (110) direction to +-0.1" Following the KOH etch, the wafers were cleaned to remove any remaining potassium. SijNj was again deposited by LPVCD as described. Alignment of the second cavity mask to the (110) mask is carried out. The wafers are etched for 8 hours in 30% KOH at 79"C, producing the desired micromachined cavities. The wafers were cleaned to remove any remaining potassium. A 30Onm thermal oxide layer is then grown on the wafers in a furnace, a 35nm chrome layer and 250nm gold layer are then evaporated onto the silicon. The gold wafer was then sawn to produce the desired 6 x 4mm sensor dies. A Perspex package was designed for the device. Cavities of different shapes and dimensions were produced. A picture of packaged sensor C is shown in figure 4. 
B. Immobilisation ofLOx in Sol Gel I
To 2.24 ml of TEOS and 450 pl of ethanol was added 985p1 of distilled, de-ionised water and 145 pl of 0.1 M HCl. This was mixed in a closed container for 20 minutes until a clear homogeneous solution was observed. To this solution was added 1OOpl of Imgml-' LOX. Volumes of 100p.I of the solution were aliquoted in triplicate into the wells of a 96 well plate. The sol gel was allowed to dry at 4°C and was stored at this temperature between testing. For electrochemical testing, a 70pl volume of the sol gel was mixed with 20 p1 of the enzyme solution.
A lop1 volume of the sol-gel enzyme solution was aliquoted onto the surface of sensor type A. A 51. 11 volume was aliquoted on the working electrode of sensor type B and allowed to dry at 4°C. The sensors were stored in 0.1 M PBS prior to testing.
C. Immobilisution of LOX in Sol Gel 2
To 2.24ml of TEOS and 450pl of dioxane was added 985pl of distilled, de-ionised water and 145pl of 0.1M HC1.
This was mixed in a closed container for 30 minutes until a clear homogeneous solution was observed. To this solution was added loop1 of lmgmrl LOX. This was mixed gently. Volumes of lOOpl of the solution were aliquoted in triplicate into the wells of a 96 well plate. The sol gel was allowed to dry at 4'C and was stored at this temperature between testing. For electrochemical testing, a 70pI volume of the sol gel was mixed with 20pl of the enzyme solution.
A lop1 volume of the sol-gel enzyme solution was aliquoted onto the surface of sensor type A. A 5pl volume was aliquoted on the working electrode of sensor type B and allowed to dry at 4°C. The sensors were stored in 0.1M PBS prior to testing
D. Immobilisation of LOX in a modiJied BSA Gel
To loop1 of 0.1 M PBS buffer was added 2mg of LOX and 2Omg of bovine serum albumin (BSA) powder (Sigma).
The solution was stirred gently in a 1.5ml cuvette. A lmg amount of DL-dithiothreitol (Sigma) was added and mixed gently with the enzyme solution. An aliquot of 2pl of 25% glutaraldehyde (Sigma) was added and mixed gently. A lop1 volume was aliquoted in duplicate into the wells of a 96 well COSTAR plate. For electrochemical testing, a 1 Opl volume was placed on the surface of sensor type A. For sensor type B, a 54 volume was placed on the working electrode area. The gel was then allowed to crosslink for 6 hours at 4 T and then washed with PBS buffer to remove any excess enzyme. The sensor was then allowed to dry overnight at 4°C for 24 hours. The sensor was stored in 0.1 M PBS buffer at 4OC in a closed container.
E. Immobilisation ofLOx in a PCS hydrogel
To 3 0~1 of the polycarbamoyl sulphate (PCS) hydrogel (Senslab, Leipzig, Germany) was added 20pI of 1% (w/v) NaOH solution to adjust to pH 5.5. A Img amount of Lox (30 unitsmg") was dissolved in 30pl of 0.1 M PBS. This solution and the PCS hydrogel were mixed together gently.
A lop1 of this solution was aliquoted onto the surface of sensor type A, and a 5pl volume onto sensor type E. The sensors were dried overnight and were stored in closed containers in 0.1 M PBS at 4°C.
F. Enzyme linked Immunosorbent Assay to test Enzyme Activity
Stability testing, to assess the enzyme activity, was carried out using an enzyme linked immunosorbent assay (ELISA). The ELISA colour reagent consisted of 2p1 horseradish peroxidase (HRP), (Sigma) per lml of 3,3',5,5'-tetramethylbenzidine free base (TMB), (Shaw Scientific, Dublin, Ireland). On addition of 0.13M lactate (Sigma Aldrich) to the immobilised enzyme, H202 was produced. In the presence of H 2 0~, HRP catalyses the conversion of TMB in situ to a coloured end product, 1 M HCl was used to stop the reaction. The soluble yellow end product was quantified by absorbance at 450nm using a Kinetic Microplate Reader (Molecular Devices, England). Initially a standard curve of Hz02 concentration versus absorbance was obtained. From this standard curve it was possible to determine the activity of the immobilised enzyme, based on the amount of HZ02 produced by the enzyme after a given time interval.
G. Electrochemical Sei-up
A three electrode cell was used. The EG&G Princeton Applied Research Potentiostat model 363 (Princeton Applied Research, Illinois, USA) was used. The three electrodes were placed in a 30ml beaker and 25ml of 0.1M PBS buffer was added. Each electrode was rinsed in DI water before use. The buffer solution was stirred using E649 Metrohm AG Hersian stirrer (Metrohm, Switzerland), For sensor type A, a planar gold electrode was used as the counter electrode and connected to its relevant position on the potentiostat. For sensor type B, it was possible to connect both the working and counter electrodes using the designed connector. Sensor type C was connected to the potentiostat using the designed package. An external gold counter electrode was needed. The reference electrode used in all cases was a Ag/AgCI electrode.
Each sensor was polarised for about 20 minutes in order to reduce the background current to as low as possible.
Poster 61 curve for lactate with the containment sensor has been obtained with a simple BSA gel.
Increasing concentrations of lactate were added and the current response due to the oxidation of the H20z produced was measured on a Keithley Ammeter. It was possible to monitor the change in current with HPVEE software on a gateway PC. All experiments were carried out at +575mV versus a Ag/AgCI reference electrode.
RESULTS
A . Enzyme stability
The stability of LOX has been assessed in a modified BSA gel and two sol gel matrices using an ELISA method. The activity is defined as the amount of HzOz produced per min per mg of enzyme and was monitored over a three month period. A comparison in activity of LOX over a period of time for each immobilisation method discussed is shown in figure 4 . The activity of LOX was not assessed in the PCS hydrogel as only a small amount of the material was available which was used directly for electrochemical testing.
LOX showed above average stability when immobilised in sol gel 2, the enzyme remained active in the sol gel matrix after a period of three months. The enzyme stayed stable for at least 55 days in sol gel 1 and initial activity was much higher than for sol gel 2, 2610 and 400p.M H20Z per min per mg of enzyme respectively.
Initial activity of LOX when immobilised in the modified BSA gel was 42.5pM H202 per min per mg of enzyme and the enzyme stayed stable for a period of at least 44 days. Both sol gel 1 and 2 formed a thin rigid enzyme layer on the a planar gold surface. The modified BSA gel also formed a rigid matrix on the gold. A summary of the activity results is presented in Table 1 . 
B Lactate detection
Initial amperometric detection of lactate has been carried out using all three sensor types. For sensor types A and B, a h e a r range and detection limit for lactate was obtained using sol gel 1 and 2, the modified BSA gel and the PCS hydrogel as immobilisation matrices. A calibration Table 1 Lactate (mM) Figure 5 A calibration plot for lactate wth sensor type A using a modified BSA gel, a PCS hydrogel and sol gels 1 and 2
The response time was defined as the time for the sensor to reach 90% of maximum saturation current. Sol gels 1 and 2 showed similar linear ranges of lactate, 0.5-12mM and 0.1-1 O m M lactate. The response times were 40 and 45 seconds, respectively. This was a quicker response time than for the modified BSA gel, 62 seconds. However the modified BSA gel had a larger linear range for lactate, 0.1-12mM. The PCS hydrogel had a slow response time of 69 seconds, and a small linear range of 0.01-4mM. However the PCS hydrogel exhibited the lowest detection limit for lactate of 0.0lmM. A summary of the electrochemical results for sensor A is shown in table 2. Lactate imM) Figure 6 Calibration plots for lactate with sensor type B using amodified BSA gel, a PCS hydrogel and sol gel I and 2.
Sol gel 2 had a larger linear range than sol gel 1, 0. Figure 7 A standard curve for lactate using sensor type C with a simple BSA gel as an immobilisation matrix.
IV. DISCUSSION
Silicon microsystem technology (MST) refers to a set of deposition and etch processes in which mechanically complex structures can be fabricated on planar substrates. MST has its origins in integrated circuit technology using the techniques of photolithography and thin film deposition. The potential advantages of using silicon MST in biosensors over more conventional methods includes; the ability to create fine eleceode patterns having electrode structures with features less than five microns; the ability to form sensor arrays; the possibility of creating integrated devices with increased functionality; and also the potential to integrate microfluidic handling. Using this technology it was thought that the sensor under development here would provide a rapid, cost effective method for manufacgturing an enzyme electrode for lactate.
Different aspects of this technology were applied for the fabrication of different sensor types. Initially a simple gold electrode was fabricated which had a 4mm x 4mm gold on silicon die, which was packaged on a dipstick PCB. The sensor established the compatibility of the gold on silicon substrate for electrochemical detection of lactate. Standard photolithographic techniques were then used for fabrication of sensor type B, which used a three mask process to produce a gold working and counter electrode on the same silicon die. The mask was designed to produce sensors, which had working and counter electrode areas of different sizes and dimensions. The packaging of the sensor on the dipstick PCB allowed for use of the sensor in aqueous lactate analysis. Sensor die with a working electrode area of lmm' were chosen for lactate detection.
Initial work has also been carried out into the fabrication of a cavity electrode, which uses the process of anisotropic KOH etching to form a pyramidal cavity on a silicon substrate. It is thought that a containment sensor has the potential to increase both mechanical and chemical stability of the sensor because the biological component is protected by the chip during sensor operation [ 131.
Investigation was carried out into the several type of immobilisation matrices for the enzyme LOX. Both stability of the enzyme and the compatibility of the matrix was assessed. Any potential immobilisation method should be simple and fast, produce immobilised reagents that are stable and do not leach &om the matrix and produce immobilised enzymes that retain their chemical and biochemical activities. The enzyme LOX is known to be quite unstable. Therefore, several immobilisation strategies have been employed here in an effort to increase the long term stability of the enzyme LOX. Initially activity and stability of the enzyme in each immobilisation matrices was first assessed using an ELISA method. The enzyme showed above average stability when immobilised in the sol gel matrices remaining active, stored dry in sol gel 2 for nearly 3 months. The enzyme was seen to remain more active and stable in sol gel 1 and 2 than in the modified BSA gel.
Crosslinking of the enzyme in a BSA gel is a common method of immobilising an oxidase enzyme in the development of amperometric sensors, as it forms a rigid Poster 61 enzyme.
However, the sol gel matrix has shown si,pificantly better long term storage stability.
In order to provide a comparison between the planar and containment sensors, LOX immobilised in a modified BSA gel and sol gel matrices should be investigated with sensor type C. Long term operational stability of each enzyme electrode needs to be assessed. Optimisation of parameters such as buffer pH, operating temperature and matrix effects needs also to be examined, before sensing in real samples can be carried out. matrix on the surface of the gold. Stability of LOX in the BSA gel remains a problem so a DL-dithiothreitol modifying agent was added to the BSA gel in an effort to stabilise the enzyme. Since this compound is a highly water soluble solid, with little odour and little tendency to be oxidised directly by air, it has proved much superior to the thiols used as protective reagents for sulphydryl groups of the enzyme [ 1 41.
Sol gel ceramics has emerged in recent years as a promising new material for biomolecule immobilisation. Jinmobilised biomolecules have shown enhanced stability when immobilised in a sol gel matrix [15] . Extensive investigation was carried out into sol gel processing conditions in order to find a sol gel that formed a thin rigid layer on the surface of the gold [ 161. Both sol gels 1 and 2 formed thin rigid enzyme layer on a planar gold surface while also maintaining enzyme activity over a prolonged period.
Amperometric detection of lactate has been carried out using the three sensor types. The modified BSA, the PCS hydrogel and two sol gel matrices as immobilisation methods were used with sensor type A and B for lactate detection. A simple BSA gel was used for lactate detection using the sensor type C. The BSA gel used was the modified BSA gel without the addition of DL-dithiothreitol, Similar trends were observed for sensor type A and B. The modified BSA gel has a linear range of up to 12mM lactate, sol gel 1 exhibits the quickest response time, being slightly quicker than sol gel 2. The PCS hydrogel while having the lowest detection limit for lactate, has the slowest response time and a poor linear range. Sensor type C showed a linear range of up to 20mM lactate with a detection limit of 6pM. Further testing with the cavity electrode for lactate needs to be carried out using the modified BSA gel and sol gels 1 and 2 as a comparison between the planar and cavity sensors would prove useful.
V CONCLUSION
A gold enzyme electrode for the detection of lactate has been fabricated on silicon. Both standard planar and micromachining silicon process have been applied for the design of three sensor types. Several immobilisation methods have been investigated in order to improve the long term stability of the enzyme LOX. The enzyme has shown above average stability in a sol gel matrix. From initial amperometric detection of lactate, both a sol gel and a modified BSA gel could be used to immobilise the
